Several decades of investigation in vitro and in vivo have provided strong evidence that astrocytes represent a privileged site of glucose uptake in the central nervous system [1, 2] . Furthermore, it was recently shown that astrocytes might be the main source of signal in functional brain imaging techniques that are based on the measurement of glucose utilization using the glucose analog deoxyglucose [3, 4] . Astrocytes possess specialized structures called end-feet that are in close contact with cerebral blood vessels. Indeed, most of the surface of cerebral blood vessels is covered by these particular processes [5] . Moreover, the glucose transporter GLUT1 is highly expressed on end-feet-facing blood vessels [6] . Thus, astrocytes are morphologically tuned and ideally positioned to take up glucose as it enters the brain parenchyma. However, the functional regulation of glucose uptake and its specific intracellular handling within the astrocyte remain partially unknown. A new study by Mü ller et al. [7] in this issue of Current Biology sheds light on this question and reveals a surprising feature: astrocytes may have a secret storage site and a specific intracellular distribution network for free glucose.
Like hepatocytes, astrocytes have been known for a long time to have a (small) glucose-containing energy reserve in the form of glycogen [8] . The exact purpose of this limited energy reserve in astrocytes is still debated, but it seems clear that it is mobilized during periods of high neuronal activity through the action of various neuroactive substances and that an energy substrate arising from glycogenolysis is released by astrocytes, most likely to be used by neurons. Unlike the situation in hepatocytes, however, this released energy substrate is not glucose but lactate. One key biochemical element that determines the capacity of a cell to release glucose is the combined expression of the enzyme glucose-6phosphatase (G6Pase) and a glucose-6phosphate translocase (G6PT). In the hepatocyte (Figure 1 ), the formation of glucose-6-phosphate (G6P) coupled to its translocation and dephosphorylation in the endoplasmic reticulum (ER) by G6PT and G6Pase, respectively, leads to the release of glucose in the bloodstream during periods of fasting by an as yet unknown vesicular mechanism. Up to now, both the translocase and phosphatase, abundantly present in the liver, were not considered of significant importance in the brain. Indeed, the apparently low expression of these proteins (especially G6PT) formed the basis of the explanation for why the glucose analog deoxyglucose is retained in brain cells and can be used to monitor changes in neuronal activity for brain imaging purposes [9] . Indeed, once phosphorylated by hexokinase, deoxyglucose (as deoxyglucose-6-phosphate) cannot leave the cell and cannot be significantly dephosphorylated (given the absence of ER translocation and the low G6Pase activity), allowing for the measurement of its local accumulation with appropriate detection methods. Interestingly, Mü ller et al. [7] now describe in their new study the prominent expression of a G6Pase isoform in astrocytes, the b isoform (in contrast to the a isoform that is found in liver). Similar to the hepatic isoform, however, G6Pase b is expressed within the ER, in association with a specific G6PT that favors the transfer of G6P from the cytosol to the ER lumen. This localization and association present a clear advantage for glucose uptake by the astrocyte. The hexokinase isoform expressed in the cytosol of astrocytes is negatively regulated by the levels of G6P, thus limiting glycolytic capacity and glucose uptake. However, shuttling cytosolic G6P into the ER would relieve this feedback inhibition on the hexokinase, thus favoring glucose uptake and storage within the ER (Figure 1 ). Do these results question the validity of deoxyglucose-based imaging methods? The answer is no because, unlike hepatocytes, astrocytes are not apparently equipped to release glucose (nor deoxyglucose). Glucose must be metabolized glycolytically inside the astrocyte, so, even if deoxyglucose is dephosphorylated inside the ER, it would be phosphorylated again as it re-enters the cytosol, preventing its release and maintaining its intracellular trapping.
What could be the purpose of this intracellular glucose storage site in astrocytes? One tantalizing possibility could be that it would allow the funneling of glucose toward specific subcellular sites, such as processes in contact with active synapses. Astrocytes are polarized cells: in addition to having endfeet in contact with blood vessels, they have numerous processes that ensheath synapses. Through these processes, astrocytes form tripartite synapses at which they can 'sense' synaptic activity and modify this activity by releasing neuroactive modulators. Astrocytes are also able to interact metabolically with synapses, recycling glutamate and releasing glutamine to maintain excitatory neurotransmission. Glutamate recycling is an energy-demanding task for astrocytes that could be fulfilled by local glucose metabolism. In addition, the cytoarchitectural organization of astrocytes already suggested to nineteenth-century neuroanatomists that these cells might play a key role in the distribution of blood-borne energy An important function of hepatocytes (left) during fasting is to produce glucose in order to maintain glycemia. This is accomplished by first producing glucose-6-phosphate (G6P), either from glycogen via glycogenolysis or from amino acids by gluconeogenesis. Cytosolic G6P is transported into the endoplasmic reticulum (ER) by a specific transporter (glucose-6-phosphate translocase; G6PT) and converted into glucose by the glucose-6-phosphatase a isoform (G6Pase a) as a prerequisite for its release. Then, glucose is released from the cell into the bloodstream by an as yet poorly defined vesicular mechanism. Astrocytes (right) are proposed to play a key role in the distribution of energy substrates to neurons. Blood-borne glucose enters the brain parenchyma via the endothelial glucose transporter GLUT1e and is taken up by astrocyte end-feet via the astrocytic glucose transporter GLUT1a. Glucose is converted in the astrocyte cytosol by hexokinase into G6P. Alternatively, G6P can also be produced from glycogen under certain circumstances. To avoid feedback inhibition of hexokinase and thus of glucose uptake, G6P is transported by G6PT into the ER to be converted into glucose by the G6Pase b isoform (G6Pase b). Within the ER, glucose would follow its gradient and migrate toward sites of energy consumption in processes that are in close contact with active synapses. However, in contrast to hepatocytes, glucose is not released by astrocytes. Rather, it is glycolytically converted into lactate (to produce ATP locally for glutamate recycling); this lactate is then released to serve as a preferential energy substrate for active synapses.
substrates to neurons. The description by Mü ller et al. [7] of specific storage of glucose in the ER might provide realistic support for this idea. It can be envisaged that glucose would transit from a site of entry close to a blood vessel to a distant point where energy is required. However, the direct demonstration that glucose molecules are travelling within the ER from one part of the astrocyte to another is lacking for the moment. To highlight such intracellular trafficking represents a technical challenge for the future, but the combination of sensitive FRET sensors for glucose, together with newly developed 3D real-time imaging techniques for specifically studying astrocytes [10] , might provide the necessary tools to answer this question.
Another critical issue is the fate of glucose once distributed at the energyrequiring sites. Following glycogenolysis or gluconeogenesis, hepatocytes are known to release glucose molecules that have accumulated within the ER directly into the bloodstream (Figure 1 ). This is part of their vital function to maintain glycemia during fasting periods. In contrast, astrocytes do not release glucose during bouts of neuronal activity. Rather, they systematically release lactate, either arising from glycogen [11, 12] , or from extracellular glucose [1] . In fact, astrocytes are equipped to produce and release lactate. These cells are enriched in lactate dehydrogenase isoforms containing the M subunit found in lactate-producing tissues [13] . Moreover, they express the monocarboxylate transporter isoforms MCT1 and MCT4, which favor lactate release in highly glycolytic cells [14] . Furthermore, astrocytes have been shown to respond to glutamate and K + , released at active excitatory synapses, by enhancing glucose uptake and lactate release [1, 15] . Glycolytic processing of glucose provides the energy necessary for glutamate recycling within the astrocytes, while released lactate can be used as a preferential energy substrate by active neurons [16, 17] . Moreover, evidence for a lactate gradient from astrocytes to neurons has recently been reported [18] . In this context, the results of Mü ller et al. [7] take on another dimension, as they reveal a privileged route that could selectively supply active synapses with a preferred metabolic fuel. Whether the expression of the G6Pase b isoform by astrocytes and glucose funneling through the ER is essential for the production of lactate remains to be directly demonstrated. For this purpose, the use of both a glucose FRET sensor and a lactate FRET sensor like Laconic [19, 20] might be interesting tools to show that local glucose utilization and lactate production associated with synaptic activity are dependent on the capacity of the cell to supply glucose via the import of G6P into the ER through the G6PT-G6Pase b complex. In this case, astrocytes would not only contain a sweet spot for glucose, but also provide a dedicated food delivery service for hungry neurons.
